Abstract: Effective and sustained release formulations of antimetabolite 5-Flurouracil (5Fu) for ocular fibrosis are highly desirable for success of glaucoma filtration surgery (GFS). However, burst release and rapid clearance of carriers and/ or drug still exist as major limitations. Here, we report the feasibility of encapsulating 5Fu in sustained release carrier of poly (d,l-lactide-co-glycolide) (PLGA) microspheres (MPs) and impregnating in a hyaluronic acid (HA) hydrogel as unit dose formulation. In order to optimize the encapsulation process by solid-in-oil-in-water emulsion technique, the effects of PLGA end groups, PLGA concentration, and 5Fu loading were studied systematically. The MPs were extensively characterized for surface morphology, particle size distribution, thermal properties, crystallinity, residual solvent, syringeability, and in vitro release. The optimized formulation of MPs was ~94 μm in size and released 5Fu in a sustained manner for up to two weeks. In our concept, MPs are dispersed first in HA solution and then cross-linked in situ after injection into the conjunctival space. Thus, syringeability experiments were 
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The research work in this paper addresses an important issue of drug delivery. Prolonged sustained drug delivery using biocompatible and biodegradable carriers is highly desirable, as it greatly improves patient compliance. Design and characterization of the formulation reported here make a significant contribution toward the ongoing research activities of ocular drug delivery. Moreover, this work forms a platform for microparticulate ocular delivery systems for further investigation and product development suitable for a wider research audience.
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Glaucoma is a common eye disease that leads to blindness and affects large number of population worldwide. The surgical treatment often fails due to several limitations of the drug, , that is injected into the eye either during or after glaucoma surgery. In our work, we have addressed these issues by developing a potential delivery system for 5Fu via combination of two different carriers. Micron-sized particles are first loaded with 5Fu and then entrapped inside a gel network. This combined system is nontoxic and gets safely disintegrated inside body after treatment. It was investigated in detail for its material properties and our study shows that 5Fu is released slowly from particle-gel combined system within the desired therapeutic range for almost two weeks. This would ensure that patients do not need multiple injections. Moreover, our system, upon injection inside eye, will provide localized treatment avoiding any side effects.
Introduction
Glaucoma is one of the most common ocular diseases leading to irreversible vision loss and is characterized by high fluid pressure inside the eye resulting in optical nerve damage (Gooch et al., 2012) . Glaucoma is currently the second leading cause of blindness worldwide (Kingman, 2004) . In the year 2012, it was estimated that around 60 million people were affected with glaucoma globally and an estimated 8.4 million of them were blind as a result of it. This number is predicted to increase by approximately 33% to 80 million affected patients by the year 2020 (Cook & Foster, 2012; Quigley, 2011; Quigley & Borman, 2006) .
Current clinical practice involves reduction of intraocular pressure (IOP) by medications along with surgical approaches. One of the conventional surgical methods is glaucoma filtration surgery (GFS) that introduces an alternative path for drainage of excess fluid thus reducing IOP. A small opening is created through the sclera in the drainage angle of the eye and this surgically created channel provides an alternative path for drainage of aqueous humor outside the eye, thus bypassing the clogged or blocked channels of the trabecular meshwork (Green, Wilkins, Bunce, & Wormald, 2014; Wormald, Wilkins, & Bunce, 2001 ).
However, after the surgery, the body's natural healing response may lead to the blockage of the surgically created channel, as subconjunctival fibroblasts start to proliferate. The resulting fibrosis leads to the blockage and to failing and encysted blebs. In this healing process, proliferation of fibroblasts from the episclera and Tenon's capsule plays an important role. To prevent the scarring of filtering blebs, subconjunctival injections of 5Fu, an antimetabolite, are given either post-operatively or as a single intraoperative injection (How et al., 2010; Mead, Wong, Cordeiro, Anderson, & Khaw, 2003) . 5Fu is a fluorinated pyrimidine analog, mainly used as an anticancer drug and functions by interfering with nucleoside metabolism, inhibiting thymidylate synthase (Jacob, LaCour, & Burgoyne, 2001; Longley, Harkin, & Johnston, 2003; Mahoney, Raghunand, Baggett, & Gillies, 2003) . Recently, 5Fu was widely reported as an effective antimetabolite in clinical applications of ophthalmology to inhibit proliferation of fibroblasts.
The current mode of use of 5Fu has several limitations Cui, Sun, LI, Huang, & Yang, 2008; Huhtala et al., 2009; Lee, Hersh, Kersten, & Melamed, 1987; Peyman, Conway, Khoobehi, & Soike, 1992) . It is not selective toward fibroblast inhibition, and indeed affects other healthy ocular cells. Also, the drug is not retained for more than a few hours at the site of administration, thus necessitating multiple injections, to which patients do not comply well. Moreover, the high dose administered locally results in ocular surface complications.
Clearly, there is a need to develop a local delivery system for 5Fu that would sustain its release at target site for prolonged periods of time and reduce multiple dosing, in addition to lowering toxicity.
Several polymeric drug delivery microcarriers have been investigated to achieve these targets (Arias, 2008; Kimura & Ogura, 2001; Rocíoh, 2011; Zimmer & Kreuter, 1995) . Among them, poly (d,l-lactideco-glycolide) (PLGA)-based biodegradable microspheres MPs are advantageous due to numerous therapeutic benefits. PLGA is a copolymer of poly lactic acid (PLA) and poly glycolic acid (PGA) and its biodegradability, nontoxicity, and tunable mechanical and erosion properties have led to its extensive usage as drug delivery carriers (Chang et al., 2011; Choi, Seo, & Yoo, 2012; Makadia & Siegel, 2011; Mundargi, Babu, Rangaswamy, Patel, & Aminabhavi, 2008) .
Several researchers have reported improved outcomes in GFS using PLGA carriers loaded with 5Fu as an antiscarring agent. Lu, Chang, Chiang, Yeh, and Chou (2000) prepared 5Fu-loaded PLGA MPs by an o/o emulsification method to study the effects of subconjunctival retention of these MPs inside rabbit eyes. It was found that improvement in the success of GFS using 5Fu-loaded PLGA MPs was dose dependent. Yeh and co-workers investigated the formulation parameters for preparing 5Fu-encapsulated PLGA MPs and characterized them in vitro and in vivo to evaluate their potential for ocular administration in GFS Yeh, Tung, Lu, Chen, & Chiang, 2001 ). The MPs were prepared by o/o emulsion or solvent extraction method. The MPs had a high entrapment efficiency of 76% with practical loading of 10%. After a high initial burst, 5Fu was released over 21 days in a sustained manner with first-order release kinetics. In another study, 5Fu-loaded PLA MPs disks were developed by Cui et al. (2008) and evaluated for sustained drug release inside rabbit eyes for GFS. Drug-loaded PLA MPs were accumulated by repeating cycles of addition and precipitation using petroleum benzine, and then gently compressed to form disks. After initial burst release on day 1, the release rate was markedly slowed down from day 2 onwards, with slow release sustained over 90 days.
These earlier reports demonstrated the potential of obtaining sustained release of 5Fu using biodegradable PLGA MPs. However, the critical problems associated with initial high burst release and rapid clearance were not solved. High burst release would not only cause local toxicity but also lead to drug levels below the therapeutic index in the later stages of release period. Rapid clearance of drug and microcarriers (following the high initial burst) leads to the need for frequent administration or repeating doctor visits for the patient. These drawbacks can be overcome using composite hydrogel systems, wherein drug-loaded microcarriers are homogeneously dispersed within a hydrogel matrix. Composite hydrogels have been shown to enable sustained release of drug for prolonged periods by reducing burst release and providing an additional barrier to the diffusion of drugs (Bae, Go, Park, & Lee, 2006; Caicco et al., 2013; Hou et al., 2008; Joung, Choi, Park, & Park, 2007; Lagarce et al., 2005; Lin, Sun, Jiang, Zan, & Ding, 2007; Nath, Linh, Sadiasa, & Lee, 2014; Ranganath, Kee, Krantz, Chow, & Wang, 2009; Zhao, Guo, & Ma, 2014) . The aforementioned combination strategy is advantageous over MPs or gels alone because it improves drug's half-life, preserves their bioactivity, improves the stability of MPs, and enhances the bioavailability of drugs by preventing the migration of drug-loaded carriers away from the target site (Hoare & Kohane, 2008; Mufamadi et al., 2011) . In our previous work, we have shown that hyaluronic acid (HA)-based composite hydrogel systems can be used as sustained release carriers for ocular drug delivery applications (Widjaja et al., 2014) . HA is a natural polymer composed of repeating disaccharide units of β-d-glucuronic acid (GlcUA) and N-acetyl-β-dglucosamine (GlcNAc) linked by β (1-3) and β (1-4) glycosidic bonds and belongs to the class of glycosaminoglycans or mucopolysaccharides. In the human body, HA is present in the vitreous humor (eye's posterior cavity) as well as in other locations, and plays a significant role in many biological functions on account of its nontoxicity, viscoelasticity, and mucoadhesive properties (Jin, Ubonvan, & Kim, 2010; Kogan, Soltes, Stern, & Gemeiner, 2007) .
Composite systems of PLGA MPs with HA hydrogels have recently been explored mainly for tissue bulking and engineering applications, whereas drug delivery applications have not yet been investigated (Galeska et al., 2005; Ju, Wen, Gou, Wang, & Xu, 2014; Patterson, Stayton, & Li, 2009; Tous et al., 2012; Wang et al., 2011; You et al., 2014) . In the present work, we have developed a composite system of 5Fu-loaded PLGA MPs entrapped within HA hydrogel as an ocular drug delivery system for post-GFS applications. The primary objective of our study was to provide sustained release of 5Fu from PLGA MPs impregnated inside the HA hydrogel network; the composite is expected to increase the ocular residence time of drug and thus its bioavailability for longer durations, consistent with the period of fibrosis formation. We have optimized the encapsulation of 5Fu into PLGA MPs by s/o/w emulsion and solvent evaporation technique. The effects of process parameters viz., PLGA end group, concentration, and 5Fu theoretical loading, on the yield, encapsulation efficiency (EE), practical loading, and in vitro release profile of PLGA MPs were evaluated. MPs with highest practical loading of 5Fu were selected for incorporation into HA solution as well as HA hydrogel and investigated for in vitro release study. The feasibility of composite system of 5Fu-loaded PLGA MPs in HA solution for intraocular injections was also evaluated via multiple syringeability experiments. Schematic in Figure 1 shows the development of proposed PLGA MPs and HA composite formulation for ocular delivery. The optimized 5Fu-loaded PLGA MPs were infused in HA solution and hydrogel for prolonging local residence time at target site.
Materials
HA (sodium salt, Mw = 1 × 10 6 g mol −1
) was purchased from Samich (HK) Limited, China. Chemicals methacrylic anhydride (MA), poly (vinyl alcohol) (PVA) (87-90% hydrolyzed, average MW = 30,000-70,000 g mol ) were obtained from Sigma-Aldrich, Singapore. PLGA, Purasorb PDLG 5004A, and Purasorb PDLG 5004E (L:G = 50:50, 0.4A PLGA is acid terminated and 0.4E PLGA is ester terminated, with inherent viscosity, IV, = 0.4 dl/g PLGA) were purchased from PURAC Asia Pacific Pte Ltd, Singapore. Chemicals sodium chloride, sodium phosphate, potassium phosphate monobasic anhydrous, potassium chloride, sodium hydr oxide, hydrochloric acid, mannitol, and deuterated chloroform were obtained from Sigma-Aldrich, Singapore and were used directly without purification. 2-methyl-1-[4-(hydroxyethoxy) phenyl]-2-methyl-1-propanone or Irgacure 2959 (I2959) was purchased from Ciba Speciality Chemicals (Singapore) Pte Ltd, Singapore. Dichloromethane (DCM) and methanol were obtained from Fisher Scientific, Singapore. Sieves (106 μm and 150 μm) and sonication probe (3 mm) were obtained from Cole Parmer, USA. Syringe filters (0.22 μm) were purchased from Merck Pte Ltd (Merck Millipore Division), Singapore.
Methods

Preparation of 5Fu-loaded PLGA microparticles
5Fu-loaded PLGA MPs were prepared using modified solvent evaporation method of s/o/w single emulsion technique (Faisant, Siepmann, & Benoit, 2002) . Commercial 5Fu powder was crushed using a mortar and pastel to reduce its grain size and was dispersed in DCM. log P of 5Fu is reported to be around −0.89 (Naguib, Kumar, & Cui, 2014; Nasr, Ghorab, & Abdelazem, 2015) . The mixture was sonicated (3 mm Probe, SONICS Vibra cell, USA) for 2 min at 30% amplitude to further reduce the crystals of 5Fu and dispersed them homogeneously in DCM. PLGA (0.4A IV or 0.4E IV), 20% w/v, was added into this suspension and vortexed vigorously to completely dissolve the PLGA. The suspension was then sonicated for 2 min and immediately added into the continuous aqueous phase of PVA (40 ml, 1% w/v, pH adjusted to 1.7 using 5 M HCl) using a glass pasteur pipette to form the emulsion. 5Fu is a weak acid and it pK a is reported to be around 7.6-8 (Kondo & Aroie, 1989; Mahoney et al., 2003) . PVA was dissolved in DI water at 85°C, filtered through 0.22-μm filter, and pH was adjusted to 1.7. The emulsion was stirred at 1,000 rpm, room temperature (RT) to evaporate the solvents for 1.5 h. After 1.5 h, 60 ml of PVA (1% w/v, pH adjusted to 1.7) was added into the emulsion and evaporation was further continued for 3.5 h. The drug-loaded MPs were collected using centrifuge (Thermo Electron Corporation B4i Multifunctional, USA) at 8,000 rpm (rcf 7, 969×g) for 6 min at RT. The MPs were resuspended using 10 ml of ultrapure water and washed twice. The MPs were finally suspended in mannitol (1% w/v in ultrapure water) and lyophilized for 24 h.
Different batches of 5Fu-loaded PLGA MPs were prepared to understand the effect of PLGA end group, theoretical loading of 5Fu, and PLGA concentration as summarized in Table 1 . All the MPs formulations were stored in dry cabinet at 22°C until further characterization. From these batches, the batch with highest practical loading of 5Fu (corresponding to lowest amount of PLGA MPs containing 1 mg 5Fu) with desirable size range (<100 μm) was selected for further studies with HA solution and hydrogel.
Synthesis of HA hydrogels
HA was first modified into its methacrylated derivative, HA-MA, using MA as described previously (Nettles, Vail, Morgan, Grinstaff, & Setton, 2004; Smeds et al., 2000) . HA powder was dissolved in DI water to prepare 1.5% (w/v) solution and pH was adjusted to 8 using 5 M NaOH while slowly adding 20 M excess of MA to it. The reaction was allowed to continue for 2 h at RT while maintaining the pH at 8 and then stored at 4°C for 24 h. HA-MA solution was dialyzed against 0.1 M NaCl solution using a dialysis membrane (Spectra/Por 6 dialysis tubing, 10 kDa molecular weight cut-off (MWCO), 29 mm diameter, flat width 45 mm) for 48 h followed by 2 cycles of dialysis against alternating solutions of 1:4 C 2 H 5 OH-H 2 O (v/v) and ultrapure H 2 O for 24 h before lyophilization for 72 h (Christ Alpha 1-4 LSC, Germany). After freeze drying, 4% (w/v) solution of HA-MA was prepared in PBS, pH 7.4 and 0.4% (w/w) of photoinitiator I2959 was added into it. This macromer solution with initiator was then exposed to UV lamp (VL-8.LC, 1 × 8 W, Vilber Lourmat, France) at 365 nm for 10 min (light intensity 720 μW/cm2 at 15 cm) for cross-linking to develop HA-MA hydrogels.
Preparation of composite hydrogels
Modified HA powder, HA-MA, was dissolved in PBS buffer to prepare 4% (w/v) solution and allowed to stir overnight at RT. Next day, 25 mg of 5Fu-loaded PLGA MPs (containing 1 mg/ml 5Fu) were weighed and mixed with HA-MA solution (polymer to particles mass ratio of 1.6:1). Upon mixing, HA-MA + 5Fu-PLGA MPs solution was cross-linked using UV light as described above. Schematic in Figure 2 shows the fabrication of 5Fu-loaded PLGA MPs, incorporation in HA-MA solution, and subsequent cross-linking by UV light to obtain composite hydrogel system.
Characterization of 5Fu-loaded PLGA MPs
Yield
After freeze drying, 5Fu-loaded MPs were sieved using 150-μm and 106-μm sieves to remove polymeric debris and small fibers. The dry mass of MPs was recorded before and after sieving to estimate the % yield. The % yield of 5Fu-loaded MPs was calculated from the freeze-dried and sieved MPs using the following equation:
% Yield = Dry mass of MPs after sieve Initial mass of PLGA used × 100 Notes: (A) 5Fu-loaded PLGA MPs infused in HA solution can be administered using 25G needle and (B) 5Fu-loaded PLGA MPs infused in HA-MA solution can be administered followed by UV cross-linking to form MPs-impregnated hydrogel matrix system. 
Morphology and size distribution
The shape and surface morphology of 5Fu-loaded PLGA MPs were observed under SEM (JSM 6360A Jeol, Japan 
Determination of loading and EE
Dry-sieved 5Fu-loaded PLGA MPs were dissolved in DCM and PBS was added into it in a separating funnel. The contents of the funnel were vigorously shaken for few minutes to mix the PBS solution and DCM. The solutions were then allowed to settle down at RT for 5-10 min. The immiscible phases of PLGA-DCM and 5Fu-PBS separate. This vigorous shaking and phase separation were continued for 2 more cycles. After the 3rd cycle, the top phase of 5Fu-PBS was collected separately in a tube. To the bottom phase of PLGA-DCM, fresh PBS was added. These above steps were repeated for 5 cycles.
From the 5Fu-PBS solution, collected from 5 cycles, 1-ml aliquot was withdrawn and analyzed using HPLC system (Agilent 1200 series, Agilent Technologies Singapore Pte Ltd).
A reverse phase Eclipse-XDB C18 column (5 μm, 4.6 mm ID × 250 mm) was used with the mobile phase of H 2 O:CH 3 OH at 90:10 (v/v) ratio. The column was maintained at a temperature of 25°C. Each sample was run at a flow rate of 1.0 ml/min for 5 min including 1 min of post-run with the detector wavelength set at λ = 266 nm. The retention time of 5Fu was ~3.3 min. Collected data were analyzed using Agilent's offline Chemstation software. 5Fu solutions with known concentrations (0.025-25 μg/ ml) were prepared by dissolving the crushed 5Fu powder in PBS buffer to obtain a standard curve (R 2 = 0.999). Concentrations of 5Fu for the test samples were calculated using this calibration of HPLC system. These data from HPLC were used to estimate the amount of 5Fu entrapped inside PLGA MPs and to calculate the practical loading and % EE using the following equations:
Differential scanning calorimetry
The thermal properties of free 5Fu powder and 5Fu-loaded inside PLGA MPs were evaluated using Differential scanning calorimetry (DSC) (Q10 V9.9 Build 303, TA Research Instruments, UK). Each sample was taken in a standard aluminum pan, crimped with the lid, and run for 2 ramp cycles. In every cycle, samples were cooled at 10°C/min from RT to 0°C, equilibrated at this temperature for 2 min, heated at 2°C/min to 330°C, equilibrated at this temperature for 2 min, and cooled back to 0°C at 10°C/min. An empty pan, sealed in aluminum pan similar to samples, was used as the reference. TA's Universal analysis software was used to analyze the melting point of 5Fu (T m ) and glass transition temperature of PLGA (T g ) from the DSC thermograms.
X-ray diffraction
The crystalline nature of 5Fu, before and after encapsulation inside PLGA MPs, was evaluated from X-ray Diffraction (XRD) spectra obtained on a powder X-ray diffractometer (LabX 6,000, Shimadzu % Theoretical Loading = Amount of 5Fu used Amount of PLGA used × 100 % Practical Loading = Amount of entrapped 5Fu Amount of PLGA MPs used for extraction × 100
(Asia Pacific) Pte Ltd, Singapore) with Cu-Kα radiation at λ = 1.5406 Å. Scans for each sample were recorded in continuous mode with 2θ ranging from 10° to 50°, at a step size of 0.02 2θ.
Nuclear magnetic resonance (NMR)
Proton ( 1 H) NMR spectrum for 5Fu-loaded PLGA MPs was obtained using Bruker NMR Spectrometer (Bruker DRX 400, Germany) at 400 MHz to determine the presence of residual DCM in dried PLGA MPs.
The two samples of MPs tested were obtained after vacuum oven drying at 40°C for either 2 or 4 days post-24 h of freeze drying. NMR samples were prepared by dissolving the PLGA MPs in deuterated chloroform inside NMR tubes and analyzed for 1 H spectral data with 200 scans per sample.
Syringeability
HA solutions with varying concentrations (0.1, 0.25, 0.5, 1, and 2.3%) were prepared in PBS, pH 7.4, and centrifuged (Mikro 20, Hettich, Germany) to remove any air bubbles. 0.5 ml of each solution was injected out into a fresh vial and mixed with ~25 mg of 5Fu-loaded PLGA MPs (5-mg MPs per 100-μl HA) to form composite solution. Syringe (1 ml) was then used to collect the composite solution of HA and MPs without creating any air bubbles. The MPs-loaded syringe was attached to hypodermic needles of varying gages (23G, 25G, and 27G) and composite solution was injected out carefully in 100-μl volumes and weighed. The mass of composite solution injected out per 100 μl was recorded and 5Fu, extracted from the entrapped MPs, was analyzed using HPLC.
In vitro drug release study
5Fu release studies were conducted with PLGA MPs alone and PLGA MPs incorporated in HA solution as well as HA-MA hydrogels to evaluate the efficacy of each formulation in sustaining the release within therapeutic index. Dry PLGA MPs (containing 1-mg 5Fu) were weighed and placed directly into a CE dialysis membrane (10 kDa MWCO, 2.9 cm diameter, flat width 4.5 cm), immersed in PBS, and incubated inside an orbital shaker incubator (LM-570RD, Yihder Technology, Taiwan) at 50 rpm maintained at 37°C.
For incorporation into HA solutions and HA-MA hydrogels, the 20% PLGA concentration (0.4A) with 20% 5Fu theoretical loading formulation was chosen for in vitro release studies based upon its practical loading, yield, and size. For HA solution, HA powder was dissolved in PBS (0.5% w/v) and mixed manually with 5Fu-loaded PLGA MPs (containing 1-mg 5Fu). For hydrogels, HA-MA powder was dissolved in PBS (4% w/v), mixed manually with 5Fu-loaded PLGA MPs (containing 1-mg 5Fu), and cross-linked under UV light at 365 nm for 10 min in the presence of I2959. These composite solutions and hydrogels were transferred into dialysis membrane, immersed in PBS, and incubated at 37°C inside shaker incubator.
One milliliter aliquots were withdrawn at fixed time intervals from the release medium of the samples, filtered through 0.2-μm syringe filter, and analyzed by HPLC using the calibration as discussed earlier. At every time point, the release medium was completely replaced with fresh PBS buffer.
Statistical analysis
Comparison between two samples for significant differences was derived from statistical analysis using Student's two-tailed t-test. Differences were considered to be statistically different at p < 0.05.
Results and discussion
Effect of PLGA end group
PLGA chain ends can be either acid terminated (A) or ester terminated (E). In our study, we used 0.4A and 0.4E PLGA (L:G 50:50) MPs, with a theoretical 5Fu loading of 10%, and they were compared for in vitro release of 5Fu to understand the effect of end group type. Table 2 shows the yield, EE, and amount of MPs containing 1-mg 5Fu for 0.4A and 0.4E PLGA MPs loaded with 5Fu. 5Fu-loaded PLGA MPs were extracted using the solvent phase separation method to estimate the practical loading and EE. The concentration of entrapped and unentrapped 5Fu was calculated using HPLC system. A standard curve (R 2 = 0.999) was prepared using known concentrations of 5Fu in PBS buffer and the calibration was used to estimate the concentration of drug samples from MPs.
As we can observe, % yield was almost similar in both the batches. % EE was slightly higher in 0.4E MPs and thus the amount of MPs containing 1-mg 5Fu was lesser in quantity. This might possibly be due to the relatively more hydrophilic nature of 0.4A MPs than 0.4E MPs that result in loss and lower entrapment of 5Fu crystals in the former during fabrication. Figure 3 shows the SEM images of 5Fu-loaded PLGA MPs fabricated via s/o/w encapsulation technique with varying end groups. The MPs were spherical in shape and the surface was smooth. There was no distinct difference in the morphology of MPs between 0.4A and 0.4E.
To understand the release behavior of 5Fu from MPs prepared using different end groups, we performed in vitro release studies and data are displayed in Figure 4 . The % cumulative release of 5Fu from PLGA MPs, varying in end groups, indicates 5Fu release following a sigmoidal pattern, with a sharp curve in the case of 0.4A MPs, whereas an extended curve is seen in the case of 0.4E MPs. In other words, the onset of an enhanced release phase is seen on day 4 for the 0.4A PLGA, and on day 21 for the 0.4E PLGA MPs. The lactide-to-glycolide (L:G) ratio of PLGA MPs used in this work is 50:50; they absorb and get hydrated quickly as soon as they are exposed to the aqueous medium. The polymer chains in the matrix of PLGA MPs swell as the aqueous medium moves in and make the MPs porous leading to diffusion and release of 5Fu (Fredenberg, Wahlgren, Reslow, & Axelsson, 2011; Makadia & Siegel, 2011) .
The observed release pattern is attributed to differences in the onset of erosion of PLGA due to variable end groups, with the acid-terminated chains of PLGA starting to erode faster than esterterminated polymers because of the higher hydrophilicity or water-absorbing capacity and the acidcatalytic nature of the random chain scission process of bulk degradation of PLGA chains (Fredenberg et al., 2011; Samadi et al., 2013; Siegelr & Rathbonem, 2012) . Hence, 5Fu was released in a faster rate from acid-terminated PLGA MPs, 100% of drug being released in 12 days from 0.4A MPs as compared to 33 days from 0.4E MPs.
Effect of PLGA concentration
The therapeutic daily dosage requirement for subconjunctival administration of 5Fu is reported to be 1 μg per day while the toxic concentration is 100 μg/ml (Wang, Tucker, Roberts, & Hirst, 1996) . It was observed that the amount of 5Fu released per day from 0.4A PLGA MPs was above the therapeutic requirement for 75% of complete release period while 0.4E MPs released higher amounts only toward later stages ( Figure S1 ). Hence, 0.4A PLGA MPs were selected for further studies investigating the effect of PLGA concentration and 5Fu loading. To evaluate the effect of PLGA concentration, 0.4A PLGA MPs, with a theoretical drug loading of 10%, were prepared with 5, 10, 20, 30, and 40% PLGA and compared for in vitro drug release. Table 3 shows the yield, EE, and amount of MPs containing 1-mg 5Fu for 0.4A PLGA MPs prepared with different concentrations of PLGA. Our data, after varying the PLGA concentration, indicate that MPs prepared using 5% w/v and 10% w/v PLGA were not suitable to encapsulate 5Fu successfully. This was mainly because of the lower polymer viscosity that produced smaller emulsion droplets resulting in smaller size MPs. Since we incorporated 5Fu into MPs by physical encapsulation in its crystalline form via s/o/w single emulsion technique, hence, the MPs have to be relatively bigger than the size of 5Fu crystal grains for successful encapsulation.
For 30 and 40% PLGA concentrations, the yield using 150-and 106-μm sieves was very low due to the presence of MPs with size larger than 200 μm. Hence, % EE was less and the amount of PLGA MPs containing 1-mg 5Fu was high. Figure 5 shows the SEM images of 5Fu-loaded PLGA MPs with varying PLGA concentrations. The MPs were spherical in shape and the surface was smooth. There was no distinct difference in the morphology of MPs between different concentrations of PLGA. Strikingly, we can clearly observe the increase in size of MPs prepared using 5-40% PLGA concentrations.
Further, to investigate the in vitro release profile of 5Fu-loaded MPs, we have selected MPs prepared using 20 and 30% PLGA concentrations due to better 5Fu encapsulation (see Figure 6 ). The MPs' batches prepared using 5, 10, and 40% PLGA were not included in release studies due to low EE and yield. The release profiles (Figure 6 ) of MPs, prepared using 20 and 30% PLGA, indicated that 100% of 5Fu was released by day 9 with no significant dependence of this rate on PLGA concentration. Our data suggest that 5Fu release rate was independent of the differences in practical drug loading (amount of 5Fu encapsulated inside 1 mg of MPs after fabrication) and MPs size distribution.
Effect of % 5Fu loading
To evaluate the effect of theoretical 5Fu loading, 0.4A PLGA MPs were prepared with 10, 15, and 20% 5Fu loading and compared for in vitro drug release. Table 4 shows the yield, EE, and amount of MPs containing 1-mg 5Fu for 0.4A PLGA MPs loaded with different concentrations of 5Fu. As we can observe, the % yield and % EE of 10% 5Fu loading batch MPs was higher than that of 15 and 20% MPs. However, the amount of MPs containing 1-mg 5Fu was not lower than the other two batches.
PLGA MPs with 20% theoretical loading have the highest practical loading. This indicates that there needs to be a balance between the amount of 5Fu used for encapsulation inside MPs and % EE to obtain higher levels of practical loading. Figure 7 shows the SEM images of 5Fu-loaded PLGA MPs with varying theoretical loadings of 5Fu. The MPs were spherical in shape and the surface was smooth. There was no distinct difference in the morphology of MPs between different theoretical loadings of 5Fu. Figure 8 shows the % cumulative release of 5Fu from PLGA 0.4A with varying theoretical 5Fu loadings. As we can observe, the release trend was similar in all the samples. Further, higher the theoretical loading of 5Fu, faster was the release rate. The release rate differences were mainly observed between days 3 and 7 among batches B-I and B-If when the theoretical loading was doubled from 10 to 20%, respectively. This might be because of the lower % EE of batch B-1f than B-I.
From our encapsulation and in vitro release data, 5Fu-loaded PLGA MPs, with EE of around 20% and in vitro release of almost 100% by day 8, were selected for further HA composite formulation studies and extensive characterizations involving particle size, thermal analysis, drug crystallinity by XRD, residual solvent analysis by NMR, and syringeability were performed. Our selected formulation released 1-29 μg of 5Fu per day maintaining the therapeutic dosage up to 13 days.
Size distribution
The size distribution of MPs with respect to % volume of sample was obtained using Fritsch Laser Particle Analyzer and the plot is shown in Figure 9 . The volume mean diameter was found to be 94.2 ± 0.2 μm, suitable for ocular injections for back of the eye applications. The PLGA MPs were very stable and exhibited a unimodal, narrow size distribution. We believe the uniform negative charge distribution and narrow size distribution, achieved on account of the fabrication parameters, are responsible for the stability of the particles.
Differential scanning calorimetry
The physical state of 5Fu crystals before and after encapsulation inside PLGA MPs was evaluated using DSC. As the crushed 5Fu powder was suspended in the PLGA-DCM solution during the fabrication of MPs via s/o/w emulsification, it was loaded in its crystalline form by physical entrapment and was found to remain in the same form after encapsulation as shown by DSC thermograms in Figure  10 . The DSC thermograms indicate that the melting point of 5Fu remained more or less the same before (Figure 10 
X-ray diffraction
The crystalline nature of 5Fu inside PLGA MPs was determined from XRD spectrum. Figure 11 compares the XRD spectra of 5Fu powder alone and 5Fu-loaded PLGA MPs (the inset is the zoomed out part of the spectrum where 5Fu peak appears). 5Fu powder alone showed a very sharp high intensity peak around 28.5° 2θ corresponding to its crystalline nature. 5Fu-loaded MPs also showed a small peak around 28.5° 2θ, thus indicating the presence of crystalline 5Fu after encapsulation. The smaller magnitude of intensity of 5Fu in case of 5Fu-loaded PLGA MPs is due to the low concentration of 5Fu inside the MPs (part of the 5Fu is also expected to be dissolved in the PLGA matrix). Thus, 5Fu remained in its crystalline form even after encapsulation inside PLGA MPs via s/o/w emulsification.
Nuclear magnetic resonance
The presence of residual DCM was determined from 1 H NMR spectrum for two samples of 5Fu-loaded PLGA MPs (dried for 2 and 4 days). The upper limit of DCM residue in pharmaceutical formulations as Notes: Q3(x) [%] represents the percent of complete sample volume that is filled with MPs smaller in size than "x" μm and dQ3(x) [%] indicates the percent of complete sample volume that is filled with MPs having a diameter between "x" and "y" μm. approved by US FDA guideline is 600 ppm (parts per million) (Howard, Buttery, Shakesheff, & Roberts, 2008; Shelke, Kadam, Tyagi, Rao, & Kompella, 2011) . NMR spectrum of MPs, dried for 4 days, showed 557 ppm as shown in Figure 12 , while those dried for 2 days showed around 773 ppm of DCM (δ = 5.322 ppm) ( Figure S2 ). Thus, 4 days of drying in vacuum oven at 40°C was sufficient to reduce residual DCM to approved safe limits. 
Syringeability
Syringeability tests were conducted to determine the optimum concentration of HA solution required to develop the unit dose formulation with 5Fu-loaded PLGA MPs. Mass of each 100-μl composite solution sample was weighed to determine if there was any loss through the passage of syringe and needle walls. Different hypodermic needles were used to check which needle would inject the sample without any back pressure and loss in mass of recovered sample. Earlier studies have reported safe use of subconjunctival injections using syringes with needle gage ranging from 25G up to 30G ; How et al., 2010; Kozobolis, Konstantinidis, & Labiris, 2013; Mead et al., 2003; Moritera et al., 1991; Perucho-Martínez, Gutiérrez-Díaz, Montero-Rodríguez, Mencía-Gutiérrez, & Lago-Llinás, 2006; Peyman et al., 1992) . Composite solutions, having 1 and 2.3% HA concentration, demonstrated significant back pressure during injection with 25G and 27G needles and there was loss in the recovered sample. Thus, further tests focused on HA with 0.1, 0.25, and 0.5% concentrations.
The composite solutions (100 μl volume) of 5Fu-loaded PLGA MPs with 0.1, 0.25, and 0.5% HA were passed through 1-ml syringe attached to 23G and 25G needles and average mass of injected out MPs was recorded (Table S1 ). For comparison, the composite solutions were also injected through syringes without any needles to be used as the reference. It was observed that the mass of recovered composite solution after injecting through syringe (with or without needles) remained within a range of 94-104 mg. This indicates that varying HA concentrations for a fixed amount of MPs did not significantly influence the mass of recovered composite solutions.
However, further analysis of amount of 5Fu extracted from these solutions using HPLC showed differences among the various concentrations of HA. In case of 0.1% composite solution, it was observed that the amount of 5Fu present in reference and test samples (injected with 23G and 25G) was significantly (p-value ranging from 0.005 to 0.01) lower than that obtained using 5Fu powder alone ( Figure S3 ). This loss of approximately 50 to 75% 5Fu and inconsistency in amounts could possibly be due to the low viscosity of 0.1% HA solution that results in sedimentation of MPs inside the syringe during injection. The viscosity of HA solution should be optimum to hold the MPs within the polymer chains while allowing their smooth movement and minimizing shear forces across the syringe walls. Visible residues could be observed on the syringe walls indicating 0.1% HA solution was not suitable for the composite formulation.
The composite solutions with 0.25 and 0.5% HA, however, showed better consistency as compared to 0.1% HA in extracted amounts of 5Fu with respect to different gage needles. Figure 13 shows the amount of 5Fu extracted from PLGA MPs injected out from 0.25 to 0.5% HA solutions using 23G and 25G needles. In case of 0.25% HA, the amount of extracted 5Fu was significantly (pvalue equal to ~0.003) reduced after using 25G needle in comparison to the reference sample, indicating that decrease of needle gage causes decrease in the mass of recovered composite solution. In case of 0.5% HA, the samples showed better consistency across the varying needle gages. Thus, 25G needle, the smallest gage giving consistent results, was selected as the optimum needle gage for administration of formulation using 0.5% HA solution. The syringeability and 5Fu quantitative estimation experiments were repeated with 25G needle for composite solution of PLGA MPs in 0.5% HA to further evaluate their reproducibility ( Figure S4 ). Less than 25% loss was observed in the sample recovered from 25G needle. Any difference across experiments (5Fu amounts in recovered sample) could be due to the sedimentation of particles during mixing and differences in drug and size distribution of injected MPs.
In vitro release
The selected composite formulation of 5Fu-loaded PLGA MPs mixed with 0.5% HA solution was evaluated for in vitro drug release. Figure 14 shows the % cumulative release of 5Fu from PLGA 0.4A MPs alone and after incorporation into 0.5% HA solution. As we can observe, the release followed a sigmoidal pattern and trend was similar in both the samples. There was no difference in the 5Fu release rate between MPs alone and MPs-loaded composite solution indicating that HA chains surrounding the MPs did not provide any barrier to the diffusion of drug. 5Fu, being a small molecular weight hydrophilic drug, was not retarded by hydrated or water swollen chains of HA and thus was released with the same rate as that of MPs alone. It diffuses rapidly through HA chains after releasing from entrapped PLGA MPs.
Composite hydrogel systems, obtained by incorporation of 5Fu-loaded PLGA MPs inside HA-MA hydrogels, were also characterized for 5Fu release to investigate if the gel network had any effect on the drug release rate. These gels were prepared as thin disks for release study. Figure 15 shows the % cumulative release of 5Fu from PLGA 0.4A MPs alone and after incorporation into 4% HA-MA hydrogel. As we can observe, the release followed a sigmoidal pattern and trend was similar in both the samples. However, the release was significantly (p-value ranging from 0.001 to 0.01 across days 4 to 10) retarded in composite hydrogel between days 4 and 10, indicating the effect of hydrogel network surrounding the MPs. Also, the composite hydrogel sample released 1-33 μg of 5Fu per day maintaining the therapeutic dosage (1 μg/day) up to 15 days. The micron-sized PLGA MPs entrapped inside HA-MA hydrogels were not released outside of gel network that had a mesh size in nanometers. Thus, in composite hydrogels, MPs released the drug while being enclosed within the gel network. The drug diffused through the MPs and then the gel matrix before being released outside into the release medium.
Among various composite hydrogel samples, 4% gels showed maximum retardation. Although there was retardation in release rate for a period of 6 days, the overall release period was extended by 2 days indicating that the HA hydrogel influenced by retarding the 5Fu release from PLGA MPs.
Taken together, our 5-Fu PLGA MPs with HA hydrogel as composite formulation confirm the sustained release of 5Fu for up to 15 days without any burst release. These formulations may provide better localization in the ocular target site compared to only MPs due to highly cross-linked hydrogel network.
Conclusion
In this work, 5Fu-loaded PLGA MPs were fabricated and incorporated into HA solution as well as HA hydrogel (HA-MA) to develop composite delivery systems for potential application in ocular anti-fibrotic therapy. Single emulsion s/o/w method was optimized to encapsulate 5Fu inside PLGA MPs and effect of PLGA end group, PLGA concentration, and theoretical drug loading on surface morphology and 5Fu release behavior was investigated. 0.4A PLGA MPs released the drug faster than 0.4E due to faster rate of degradation of the former. Concentration of PLGA affected the size of MPs which in turn affected the encapsulation of 5Fu as well as the practical loading. For a specific size range of MPs, the release rates were not significantly different. Increasing the theoretical loading of 5Fu increased the release rate of drug from PLGA MPs. The batch of MPs with highest practical drug loading was selected for incorporation into HA solution and HA-MA hydrogel and evaluated for syringeability and in vitro release. The release of 5Fu from MPs composite HA-MA hydrogel was significantly retarded up to 15 days without any burst release and these composite HA solution and hydrogel would ensure retention of MPs within the target site for longer periods, thus improving drug bioavailability. 
